A new regime of coherent quantum dynamics of a qubit is realized at low driving frequencies in the strong driving limit. Coherent transitions between qubit states occur via the Landau-Zener process when the system is swept through an energy-level avoided crossing. The quantum interference mediated by repeated transitions gives rise to an oscillatory dependence of the qubit population on the driving-field amplitude and flux detuning. These interference fringes, which at high frequencies consist of individual multiphoton resonances, persist even for driving frequencies smaller than the decoherence rate, where individual resonances are no longer distinguishable. A theoretical model that incorporates dephasing agrees well with the observations. DOI: 10.1103/PhysRevLett.97.150502 PACS numbers: 03.67.Lx, 03.65.Yz, 85.25.Cp, 85.25.Dq Macroscopic quantum systems coherently driven by external fields provide new insights into the fundamentals of quantum mechanics and hold promise for use in quantum information science [1, 2] . Superconducting Josephson devices are model quantum systems [3] that can be manipulated by rf driving fields, and recent years have seen rapid progress in the understanding of their quantum dynamics [4 -13]. Quantum coherence of these systems can be probed by temporal Rabi oscillations [4, [7] [8] [9] [10] [11] [12] [13] . There, the driving-field frequency equals the energy-level separation E=@, and the population of the two levels oscillates at a frequency ! R much smaller than E. In the weak driving limit, @! R A E h, where A is the driving amplitude parameterized in units of energy.
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Coherent quantum dynamics can also be investigated at driving frequencies much less than E=@, and at strong driving amplitude A E h. In this case, the transitions occur via the Landau-Zener (LZ) process at a level crossing [14, 15] . Acting as a coherent beam splitter, LZ transitions create a quantum superposition of the ground and excited states and, upon repetition, induce quantum mechanical interference. The latter leads to Stueckelberg or Ramsey-type oscillations [16, 17] in analogy to a MachZehnder (MZ) interferometer [18, 19] . These oscillations are also related to photoassisted transport [20 -22] and Rabi oscillations observed in the multiphoton regime [7, 13] . MZ-type interference is a unique signature of temporal coherence complementary to Rabi oscillations, with the time between sequential LZ transitions clocking the dynamics similarly to the Rabi pulse width.
In this Letter, we report a new quasiclassical regime, where coherence is still observed at driving frequencies in the classical domain, T 2 & 1 [23] , where T 2 is the dephasing rate. This occurs because the interval between consecutive LZ transitions, relevant for MZ interference, is only a fraction of the driving-field period. We investigate the crossover between the multiphoton and quasiclassical regimes, demonstrating that coherent MZ-type interference fringes in the qubit population persist for frequencies T 2 & 1 even though individual multiphoton resonances can no longer be resolved. This behavior should be contrasted with driven Rabi oscillations, where at low driving frequency, T 2 & 1, there is no signature of coherence. The crossover between the two regimes, T 2 1, is also influenced by inhomogeneous broadening resulting from repeated measurements, as discussed below.
In our experiment we utilize a persistent-current (PC) qubit [24] : a superconducting loop interrupted by three Josephson junctions (JJ), one of which has a reduced cross-sectional area [ Fig. 1(a) ]. A time-dependent magnetic flux ft f dc f ac t controls the qubit. For ft 0 =2, the qubit exhibits a double-well potential profile with individual wells representing diabatic circulatingcurrent states, j0i and j1i, with energies / f, where f f dc ÿ 0 =2 is the flux detuning. These states are coupled with a tunneling energy . The driving and readout pulse sequence is illustrated in Fig. 1(b) . Qubit transitions are driven by a microwave flux f ac / A cos2t, with A, parameterized in units of energy, proportional to the microwave source voltage V rms . The qubit state is read out with a dc SQUID, whose switching current I SW depends on the flux generated by the qubit and, thereby, the qubit circulating-current state. The device was fabricated at Lincoln Laboratory using a fully planarized niobium trilayer process and optical lithography. The device has a critical current density J c 160 A=cm 2 , and the characteristic Josephson and charging energies are E J 2@300 GHz and E C 2@0:65 GHz, respectively. The ratio of the qubit JJ areas is 0:84, and 2@10 MHz. The experiments were performed in a di-lution refrigerator at a base temperature of 20 mK. The device was magnetically shielded, and all electrical lines were carefully filtered and attenuated to reduce noise (see Ref. [18] for details).
The qubit dynamics in the strongly driven limit is influenced by quantum interference at sequential LZ transitions. As illustrated in Fig. 1(c) , the qubit is initially prepared in the ground state at flux detuning f, and, after a first LZ transition at time t 1 , it is in a coherent superposition of the two diabatic states. For times t 1 < t < t 2 , the superposition state accumulates a relative phase 12 , which mediates the quantum interference at the second LZ transition at time t 2 . The sequence of two LZ transitions, repeated many times during the rf pulse, is analogous to a cascade of MZ interferometers. One expects MZ-type interference fringes in the qubit population due to changes in 12 associated with changes in V rms and f, which are indeed observed [ Fig. 1(d) ]. Figure 2 presents the measured qubit population of state j1i (color scale) as a function of V rms and f for high-and low-frequency driving, 270 and 90 MHz, respectively. Population transfer due to qubit driving appears at V rms exceeding a threshold value which varies linearly with jfj and symmetrically about the qubit step. For high-frequency driving, T 2 * 1, the individual multiphoton resonances are distinguishable and form a ''Bessel ladder'' [18] [ Fig. 2(a) ]. The population of state j1i for the nth-photon resonance follows a Bessel-function dependence, J 2 n A=h. The range of f in Fig. 2(a) accommodates photon transitions with n 1-45, which together define coherent MZ interference-fringe bands of discrete resonances.
In contrast, for low-frequency driving, T 2 & 1, the individual photon resonances are no longer distinguishable because the resonance widths exceed the resonance spacing [ Fig. 2(b) ]. Nonetheless, the MZ interference-fringe bands, a signature of coherence in the strongly driven regime, indicate that the coherent interference mediating the population transfer persists.
To understand these results we consider a driven qubit subject to the effects of decoherence:
Here, ht t A cos2t is the energy detuning from an avoided crossing modulated by the driving field in the presence of classical noise t. By a gauge transformation, the Hamiltonian is brought to the form
where t R t 0 hd (we set @ 1 while developing our model, and restore it in the final results). Perturbation theory gives the rate of LZ transitions between the states j0i and j1i:
A t;t 0 1 2
where t t 0 ÿ t > 0, and the limit physically means that t is large compared to T 2 . For the perturbation approach to be valid, the change of qubit population must be slow on the scale of T 2 . This condition can be written down as W ÿ 2 1=T 2 . We stress that this inequality does not imply that the effect of driving the qubit is weak. The rate W can still be large compared to the inelastic relaxation rate ÿ 1 , leading to the strong deviation of population from equilibrium observed in our experiment. Fig. 1(d) . A pulse of duration t 3 s was used in both cases. To evaluate W, we write the expression in Eq. (3) We average over t with the help of the white noise model he itÿit 0 i e ÿÿ 2 jtÿt 0 j , and integrate in (4) as R e ÿiÿ!nÿÿ 2 jj d 2ÿ 2 = ÿ !n 2 ÿ 2 2 to obtain
For large n, Bessel functions can be expressed through the Airy function Aiu
1=3 . Using the identity cotz P n z ÿ n ÿ1 we approximate Eq. (5) as
There are two main regimes exhibited by this expression: (i) * ÿ 2 , and (ii) & ÿ 2 . In case (i), we have a sum of nonoverlapping resonances. For each value of , the sum is dominated by the term with n the nearest integer to =!, giving rise to resonances of strength J 2 n x, the Bessel ladder of Ref. [18] .
In contrast, in case (ii), the peaks in Eq. (5) 
The effect of ÿ 2 on the Airy function oscillation is small at ÿ 2 & 2=a. Since a 0:3 for =h & 50, this condition is compatible with & ÿ 2 . Equation (7) can also be obtained by considering just two subsequent passages of a level crossing at a short time separation jt 2 ÿ t 1 j ÿ1 [see Fig. 1 To validate this model, we investigate the interference fringes in the excited state population as a function of rf pulse length t [ Fig. 3(a) 
By fitting exponentials [Eq. (9) ] to the qubit population at each flux detuning, we find the rate ÿ which characterizes how fast the stationary state is approached [ Fig. 3(b) ]. Since our T 1 20 s [18] is much longer than the observed transition time, we have ÿ 2W. Comparing the extracted ÿ at points I and II in Fig. 3(b) with Eq. (7), we obtain =2@ 13 MHz.
We now compare the experimental characteristic rate ÿ with the quantity 2W [Eq. (5)] in Fig. 4(a) , and the observed qubit population with that predicted by the model [Eqs. (5) and (9)] in Fig. 4(b) . From the best fits we obtain ÿ 2 =2 12-18 MHz (T 2 9-13 ns), consistent with the transition between the multiphoton and quasiclassical regimes of Fig. 2 : 270 MHz > ÿ 2 1=T 2 * 90 MHz. Fig. 3(a) , compared to the model, Eq. (9).
